The compound-structure permanent-magnet synchronous machine (CS-PMSM) is a power-split device which can enable the internal combustion engine (ICE) to operate at optimum efficiency during all driving conditions by controlling its torque and speed. However, the CS-PMSM has more serious temperature rise and heat dissipation problems than conventional permanent-magnet (PM) machines, especially when the CS-PMSM is running at low speed and under full load conditions. As the thermal resistance of double-layer air gaps is quite big, the hot spot proves to be in the inner winding rotor. To ensure the safe operation of the CS-PMSM, the use of forced-air and water cooling in the inner winding rotor are investigated. The study shows that the water cooling can provide a better cooling effect, but require a complicated mechanical structure. Considering the complexity of the high efficiency cooling system, a real-time temperature monitoring method is proposed and a temperature measuring system which can accurately measure the real-time temperature of multiple key points in the machine is developed to promptly adjust the operating and cooling conditions based on the measured temperature results. Finally, the temperature rise experiment of the CS-PMSM prototype is done and the simulation results are partly validated by the experimental data.
Introduction
The Toyota Prius has drawn increasingly wide attention from a great many automobile manufacturers and consumers in recent years, owing to its low energy consumption and excellent vehicle performance [1] [2] [3] [4] [5] . This mainly benefits from the utilization of a planetary gear unit for power splitting in the Prius hybrid system [6] [7] [8] . The planetary gear unit with two machines enables the internal combustion engine (ICE) to operate at optimum efficiency during all driving conditions by controlling its torque and speed [2, [6] [7] [8] [9] ], yet adds additional mechanical complexity and maintenance issues [10] [11] [12] . To get rid of the planetary gear unit, a compound-structure permanent-magnet synchronous machine (CS-PMSM) is proposed [13, 14] . The CS-PMSM, also known as four-quadrant transducer (4QT) [15] , electrical variable transmission [16] or dual mechanical port (DMP) machine [17] , comprises a stator machine (SM) and a double-rotor machine (DRM) [15] , as shown in Figure 1 . The inner winding rotor and the outer rotor are mechanically connected with the ICE and the reduction gear, respectively. The DRM transfers the torque from ICE to the reduction gear, and provides the speed difference between the ICE and the reduction gear; and the SM provides torque difference between the ICE and the reduction gear according to the requirements of vehicle load. Therefore, the CS-PMSM can realize the same function of the planetary gear unit, generator and motor in the Prius hybrid system [18] [19] [20] . The typical operating modes of the CS-PMSM under hybrid electric vehicle (HEV) operation conditions are analyzed [21] . The control strategies and energy management strategies of the CS-PMSM system are proposed [22, 23] . In the design, an electromagnetic-thermal-mechanical design method is proposed [24] . The magnetic coupling and mechanical coupling models are investigated [25] [26] [27] [28] [29] [30] [31] . Meanwhile, the performance of CS-PMSM and HEV working condition experiments are tested [32] [33] [34] . To solve the magnetic coupling problem in the CS-PMSM, a magnetic decoupling design method is proposed [35] [36] [37] . In [38] , the inductance parameters considering the cross coupling effect were calculated. Reference [39] proved that the copper loss is dramatically increased for the inner rotor windings owing to the deep slot structure used for the inner rotor and the eddy current effect. In [40] , the authors analyzed the heat-dissipating conditions and the manufacturing technology of six CS-PMSM topologies. In [41, 42] , the thermal field distribution of the CS-PMSM and the cooling effect of the cooling system were analyzed by two-dimensional (2-D) finite-element method (FEM) simulation, although these simulations only focused on the CS-PMSM rated operation. This paper mainly focuses on the two worst operating conditions, i.e., the rated speed and full load conditions and the low speed and full load conditions. Meanwhile, the cooling effects of the forced-air cooling and water cooling have been investigated comparatively. This can provide a theoretical basis for the design of the cooling system. In order to analyze the axial thermal field distribution, three-dimensional (3-D) FEM is used in this paper. For the random winding machine, it is quite difficult to accurately model the end windings; therefore, a coupling surface method is proposed to simplify 3-D thermal model of the end windings. More importantly, this method can compute the heat transfer effect in the end windings as well as that between end windings and the windings in the slots. To monitoring the temperature of the CS-PMSM, a real-time multi-point temperature measuring system is built. In order to eliminate the error caused by the lead wire and component precision of the circuit and to suppress the electromagnetic interference (EMI) produced by the operating machine, the linear calibration and the four-term Blackman-Harris windowed average method are employed in this system.
Structure of the CS-PMSM
The schematic diagram of this CS-PMSM prototype is shown in Figure 2 . The main parameters of this machine are listed in Table 1 . As can be seen from Figure 2 , the casing is double-layer, and the cooling water channels are manufactured between the two layers of the casing. The cooling water channels are eight circular channels with tops or bottoms connected, and both the inlet and the outlet of channels are distributed at the top of the casing. In the inner rotor, there are six axial cooling slots along circumferential direction, as shown in Figure 4 . They can provide a cooling wind path. On one machine side, an external fan is used to provide the force air. From the above illustration of the cooling system and mechanical structure of the CS-PMSM prototype, we know that when the cooling water with a certain pressure flows through the cooling water channels of the casing, there must be a temperature difference generated in both the axial and circumferential directions of the CS-PMSM. Besides, a temperature difference along the axial direction also exists when one side of the machine is cooled by the fan. Therefore, the thermal field analysis of the CS-PMSM prototype is a typical 3-D problem. However, 3-D thermal field analysis is much more complicated than 2-D thermal field analysis. In the machine, the high-temperature spots usually happen in the core or the windings; therefore, the 3-D model doesn't contain the end cover and bearing closure. The influence of the end cover and bearing enclosure on the thermal field in this machine is taken into account by selecting a suitable heat transfer coefficient for the end windings and end regions. The 3-D model contains the effective parts of CS-PMSM, end windings of stator and inner rotor, and the cooling system, which are described in the following text.
Thermal-Field Analysis Model of the CS-PMSM

Losses of the CS-PMSM
The copper losses are computed from the currents and the measured resistances, which can be expressed as:
where P Cu is the copper loss; R ph is the per-phase measured resistance; and I ph is the per-phase current.
The core loss in the steel lamination regions are computed by:
where P c is the core loss; f is the magnetic field frequency; B max is the magnetic field amplitude; K e is the eddy current loss coefficient; K h is the hysteresis loss coefficient; and a is the coefficient determined by the magnetic field waveform and amplitude. K e , K h and a can be obtained from the loss curve versus the magnetic field [43] . The Eddy current loss in PMs is computed by:
where J e is eddy current density in PMs; and σ is the PM conductivity.
Under the rated load condition, the electrical loading, magnetic loading, current density in the slots are listed in Table 2 . The flux density of the CS-PMSM is shown in Figure 5 . With the material property changing with temperature considered, the copper resistance and the magnet B/H curve are obtained under a pre-specified temperature, and then they are modified according to the thermal-filed results. Eventually, the losses listed in this paper are the results of the electromagnetic-thermal bi-directional accordance, as shown in Table 3 . 
Equivalent Processing of the Thermal Field Model
In this paper, the finite-element analysis (FEA) simulation mainly focuses on the steady-state thermal field analysis under the SM and DRM rated load conditions. According to the previous analysis about the cooling system of the CS-PMSM prototype, it is clear that there are mainly water-cooling, forced-air and natural convective heat transfer and conduction heat transfer in the CS-PMSM. Although radiation heat transfer is always happening, especially when the rotor speed is very low or zero [44] , radiation heat transfer is normally neglected when the forced convection is mainly responsible of the motor cooling [45, 46] . Hence the following assumptions in the FEA calculation are given by:
(1) Only the convective and conduction heat transfer are considered; (2) The heat sources are uniformly distributed on the corresponding regions of the CS-PMSM.
According to the symmetrical characteristic of the CS-PMSM structure and cooling system in circumferential direction, a 3-D FEA model with half of the CS-PMSM is built to analyze the thermal field, as shown in Figure 6 . In 3-D modeling process of the CS-PMSM, to build an accurate model of the windings is quite difficult. This is mainly because the conductors in each coil are randomly distributed inside the slots. The random distribution of the conductors in the slots has a certain influence on the maximum temperature of the windings [47] . Besides, the insulation layer of the conductor is thin, which will bring us a big problem in the model meshing. An effective equivalent method of the distributed conductors is normally used in the 2-D thermal field analysis [48] , as shown in Figure 8 . An equivalent copper conductor, whose area equals the sum of all copper conductor areas, is put in the center of the slot. And an equivalent insulation, which consists of the slot insulation, the equivalent air gap layer and the equivalent insulation varnish layer, is evenly put outside the equivalent copper conductor. On the basis of this method, the 3-D winding models in the slots, considering both radial and axial heat transfer effect, are built in this paper.
In Figure 8 , the thermal conductivity of the equivalent insulation λ eq is given by: To build an accurate model of the end windings is more difficult than the winding model in the slot. This is mainly because the shape of each end winding isn't exactly the same and is also difficult to ascertain for the distributed-conductor machine. Therefore, this paper presents a simplified model of the end windings, as shown in Figure 10 . Each end winding is equivalent to the two linear-structure windings. The axial length sum of the two linear-structure windings equals the length of one end winding. The linear-structure winding model and its equivalent parameters are the same as that in the slot. To simulate the heat transfer effect in the actual end winding, the end surfaces of two linear-structure windings are set to coupling surfaces to ensure the heat transfer between the two linear-structure windings. Therefore, the heat dissipation of linear-structure end windings depends on their surface (S 1 and S 2 ) heat convection coefficient and ambient temperature. When both the SM and the DRM are operating, there is a relative rotation between the stator and outer rotor as well as between the outer rotor and the inner rotor, so it makes the air in the inner and outer air gap flow relatively, which brings about convective heat transfer between the air gap and neighbor parts. In order to simplify the calculation, the flowing air in the inner and outer air gap is equivalent as a still air with an equivalent heat conductivity coefficient. Before the calculation of equivalent heat conductivity coefficient, the following definition for the generic hollow-cylindrical air gap is first given by:
where R i is the inner radius of the air gap (m); R o is the outer radius of the air gap (m); ω is the peripheral speed of the inner rotation component (m/s); δ is the air gap length (m); ν is the kinematic viscosity of air (m 2 /s). Then the equivalent heat conductivity coefficient [48] [49] [50] can be calculated as:
When the SM and the DRM are operating under their rated speed condition, the speeds of the inner and outer rotor are 6000 rpm and 3000 rpm, respectively. In the CS-PMSM, the speed of the DRM is the speed difference between the inner and outer rotor. Therefore, the rated speed of the DRM is 3000 rpm. During the machine manufacturing process, a binding band with thickness of 0.8 mm is used to fix the outer-layer permanent magnets. Considering the thin structure of the binding band, the mesh generated in the binding band component will be very small, which takes a lot of calculation time, therefore, further equivalent processing is carried out on the outer air gap and the binding band. The thermal conductivity of the equivalent outer air gap eq_o λ is given by: 
Boundary and Thermal Parameters Calculation
In the cooling water channels of the stator, the fluid-thermal field can be calculated by the given inlet and outlet boundary conditions. The velocity-inlet and pressure-outlet boundaries are imposed on the inlet and outlet of the cooling water channels, respectively. The flow velocity of the cooling water and the water temperature on the inlet are 0.7 m/s and 21 °C, respectively, which is consistent with the test condition. The measured water temperature on the outlet is 25 °C, which is used as the temperature condition of the pressure-outlet boundary.
For the heat convection of the outer surface of the casing and the end windings, the Robin boundary condition is given as:
where T and λ are the temperature (in degrees Celsius) and the thermal conductivity of the corresponding region (in W/m·K); n  is the unit normal vector on the surface; α is the heat transfer coefficient (in W/m 2 ·K); and T f is the ambient temperature (in degrees Celsius). In the calculation, α and T f are only needed to be specified.
For the outer surface of the casing, its measured ambient temperature is 21 °C and its heat transfer coefficient is determined by:
where ν c is the airflow speed on the surface of the casing [50] . As the outer surface of the casing has no airflow, 9.73 W/m 2 ·K is adopted as the heat transfer coefficient of outer surface. For the outer surface of the end windings, the equivalent heat transfer coefficient is determined by:
where v e is the airflow speed in end winding space [45, 46] . According to the calculated losses of different parts under the CS-PMSM rated load condition, the heating rates of corresponding parts are obtained, as shown in Table 4 . The thermal parameters of machine materials are shown in Table 5 . 
Thermal Field Analysis under Rated Speed and Rated Load Condition
This paper mainly analyzes the thermal field distribution of two conditions: the rated speed and rated load condition; the low speed and rated load condition. Besides, the thermal field analysis of the two conditions above is based on the actual structure and cooling system of the CS-PMSM prototype.
When both the SM and the DRM are operating under their rated speed and load conditions, both machines output 32 Nm with a speed of 3000 rpm. It is noted that the speed of the DRM is the speed difference between the inner and outer rotor. Since the whole heat productivity is the biggest in this case, there is a serious overheating problem for the CS-PMSM.
When the vehicle is working in the low speed climbing state, both the ICE and the SM are needed to afford the vehicle load torque. In this case, the speed of the SM and the DRM is low, i.e., the relative speed between the stator and the outer rotor as well as that between the outer and inner rotor is extremely low. The air in the inner and outer air gap is almost in a stationary state and its thermal conductivity reduces to 0.0242 W/m·K, so the thermal resistance of the inner and outer air gap is quite big, making the heat-dissipating capability of the inner rotor poor. Therefore, when the SM and the DRM are still running at full load of 32 Nm under the low speed condition, there is still an overheating problem for the CS-PMSM.
Only Water Cooling Used in the Casing
When both the SM and the DRM are running at the rated speed and rated load, the 3-D thermal field distribution is calculated under condition of only water cooling used in the casing, as shown in Figure 11 .
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the water inlet side, middle cross-section, and the water outlet side of the CS-PMSM are shown in Figure 12 . In order to eliminate the effects of end face boundary conditions, the selected water inlet and water outlet cross-sections are 2.5 mm away from the corresponding end face, respectively. The highest temperature of different parts in the above three cross-sections is shown in Table 6 . Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 6 . From the temperature distribution of each cross-section in Table 6 , it can be seen that the stator temperature is much lower than the temperature of the inner rotor, indicating that the water cooling used in the casing has a good cooling effect on the stator, but it has a poor cooling effect on the inner rotor. Besides, the temperature of inner rotor has reached 247.2 °C, obviously much higher than the temperature limitation of the class F insulation. By comparison of the temperature of the same part in three cross-sections, it shows that there is a small axial temperature difference for each part within the core length. Since the heat dissipation capacity of stator end windings are poorer than that of the windings in the core, the temperature of the stator end windings is higher than that of the windings in the core. However, the heat dissipation capacity of inner rotor windings in the core is poor for the inner rotor windings, so the temperature of inner rotor windings in the core is higher than that of end windings.
Water Cooling Used in the Casing and Axial Forced Air
When both the SM and the DRM are running at the rated speed and rated load, the 3-D thermal field distribution is calculated under condition of water cooling used in the casing and axial forced air, as shown in Figure 13 . Figure 13 . Thermal field distribution under condition of water cooling used in the casing and axial forced air when both the SM and the DRM are running at the rated speed and rated load.
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the windward side, middle cross-section, and the leeward side of the CS-PMSM are shown in Figure 14 . 
In order to eliminate the effects of end face boundary conditions, the selected windward and leeward cross-sections are 2.5 mm away from the corresponding end face, respectively. The highest temperature of different parts in the above three cross-sections is shown in Table 7 . Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 7 . From the temperature distribution of each cross-section in Table 7 , it can be seen that the temperatures of the stator and inner rotor are very low, indicating that the axial force air have a good cooling effect on the CS-PMSM, especially for the inner rotor. Meanwhile, due to the existence of axial forced air, there is a certain axial temperature difference for each part within the core length; the temperature of the end windings at windward side is much lower than that at leeward side. By comparison of Tables 6 and 7 , it shows that the CS-PMSM can run safely when the water cooling used in the casing and axial forced air are simultaneously adopted in the CS-PMSM.
Water Cooling Used in the Casing and the Inner Rotor
When both the SM and the DRM are running at the rated speed and rated load, the 3-D thermal field distribution is calculated under condition of water cooling used in the casing and the inner rotor, as shown in Figure 15 . Figure 15 . Thermal field distribution under condition of water cooling used in the casing and the inner rotor when both the SM and the DRM are running at the rated speed and rated load.
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the water inlet side, middle cross-section, and the water outlet side of the CS-PMSM are shown in Figure 16 . The selected water inlet, middle and water outlet cross-sections are the same as those in Section 4.1. 
The highest temperature of each part in the above three cross-sections is shown in Table 8 . Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 8 . From the temperature distribution of each cross-section in Table 8 , it can be seen that the temperatures of the stator and inner rotor are lower than that of the outer rotor, as the heat of the stator and inner rotor is easily taken away by the water when the water cooling is used in the casing and the inner rotor. By comparison of the temperature of the same part in three cross-sections, it shows that there is a small axial temperature difference for each part within the core length. Meanwhile, due to the good heat dissipation capacity of the windings in the core, the temperature of the end windings is higher than that of the windings in the core. Comparison of Table 8 with Table 6 shows that the CS-PMSM can run safely when water cooling used in the casing and in the inner rotor are simultaneously adopted in the CS-PMSM. Comparison of Table 8 with Table 7 shows that the temperature of each part when the axial force air is used in the machine is lower than the temperature of each part when the water cooling is used in the inner rotor. This is mainly because the axial forced air can cool not only the inner rotor core by the axial cooling slots and the air gap but also the end range. In contrast, the water cooling mode used in the inner rotor can only take away the heat of the inner rotor by the axial cooling slots.
Thermal Field Analysis under Low Speed and Rated Load Condition
Only Water Cooling Used in the Casing
When both the SM and the DRM are running at the low speed and rated load, the 3-D thermal field distribution is calculated under condition of only water cooling used in the casing, as shown in Figure 17 . Figure 17 . Thermal field distribution under condition of only water cooling used in the casing when both the SM and the DRM are running at the low speed and rated load.
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the water inlet side, middle cross-section, and the water outlet side of the CS-PMSM are shown in Figure 18 . The selected water inlet, middle and water outlet cross-sections are the same as those in Section 4.1. 
The highest temperature of different parts in the above three cross-sections is shown in Table 9 . Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 9 . From the temperature distribution of each cross-section in Table 9 , it can be seen that the stator temperature is much lower than the temperature of the inner rotor, indicating that the water cooling used in the casing has a good cooling effect on the stator, but it has a poor cooling effect on the inner rotor. Besides, the temperature of inner rotor has reached 158.8 °C, higher than the temperature limitation of the class F insulation. By comparison of the temperature of the same part in three cross-sections, it shows that there is a small axial temperature difference for each part within the core length. Since the heat dissipation capacity of stator end windings are poorer than that of the windings in the core, the temperature of the stator end windings is higher than that of the windings in the core. However, the heat dissipation capacity of inner rotor windings in the core is poor for the inner rotor windings, so the temperature of inner rotor windings in the core is higher than that of end windings. Comparing Table 9 with Table 6 , it shows that the temperature of each part under condition of the low speed and rated load is much lower than that under condition of the rated speed and rated load. 
Water Cooling Used in the Casing and Axial Forced Air
When both the SM and the DRM are running at the low speed and rated load, the 3-D thermal-field distribution is calculated under condition of water cooling used in the casing and axial forced air, as shown in Figure 19 . Figure 19 . Thermal field distribution under condition of water cooling used in the casing and axial forced air when both the SM and the DRM run at the low speed and rated load.
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the windward side, middle cross-section, and the leeward side of the CS-PMSM are shown in Figure 20 
The highest temperature of different parts in the above three cross-sections is shown in Tables 10. Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 10 . From the temperature distribution of each cross-section in Table 10 , it can be seen that the temperatures of the stator and inner rotor are very low, indicating that the axial force air has a good cooling effect on the CS-PMSM, especially for the inner rotor. Meanwhile, due to the use of axial forced air, the temperature of the end windings at the windward side is much lower than that at the leeward side. By comparison of Tables 10 and 9, it shows that the CS-PMSM can run safely when the water cooling used in the casing and axial forced air are simultaneously adopted in the CS-PMSM.
Water Cooling Used in the Casing and the Inner Rotor
When both the SM and the DRM are running at the low speed and rated load, the 3-D thermal field distribution is calculated under condition of water cooling used in the casing and the inner rotor, as shown in Figure 21 .
To illustrate the axial thermal field distribution of the CS-PMSM, the thermal field distributions of the water inlet side, middle cross-section, and the water outlet side of the CS-PMSM are shown in Figure 22 . The selected water inlet, middle and water outlet cross-sections are the same as those in Section 4.1. The highest temperature of each part in the above three cross-sections is shown in Table 11 . Meanwhile, the temperatures of the end windings of the stator and inner rotor are also listed in Table 11 . From the temperature distribution of each cross-section in Table 11 , it can be seen that the temperatures of the stator windings and inner rotor windings are higher than others. This is mainly because the windings are the major heat source under condition of the low speed and rated load. By comparison of the temperature of the same part in three cross-sections, it shows that there is a small axial temperature difference for each part within the core length. Meanwhile, due to the good heat dissipation capacity of the windings in the core, the temperature of the end windings is higher than that of the windings in the core. Comparing Table 11 with Table 9 , it shows that the CS-PMSM can run safely when the water cooling used in the casing and water cooling used in the inner rotor are simultaneously adopted in the CS-PMSM. Comparing Tables 11 with Table 10 , it shows that the temperature of each part when the axial force air is used in the machine is lower than the temperature of each part when the water cooling is used in the inner rotor. This is mainly because the axial forced air can cool not only the inner rotor core by the axial cooling slots and the air gap but also the end range. In contrast, the water cooling mode used in the inner rotor can only take away the heat of the inner rotor by the axial cooling slots. 
Multi-Point Temperature Measuring System for the CS-PMSM
Considering the complexity of the high efficiency cooling system, a real-time multi-point temperature measuring system for the CS-PMSM is investigated in this section. Since there is limited room left in the shaft for the lead wire, the two-wire thermal sensors (PT100) are employed to acquire thermal data. On one hand, the resistances of the sensors' wires and the precision of circuit components will affect the test results. On the other hand, the intensive EMI during the operation of the machine causes disturbance to the output voltage of the sensor. Therefore, the digital linear calibration and filter are used to solve the above problems in this paper.
Linear Measurement and Calibration
In reference [51] , in order to calibrate the linear error of A/D converter, two voltage references are used as input to detect the gain and offset error. If a linear circuit as shown in Figure 23 is used for resistance-voltage conversion, the conversion function can be expressed by: 5 5 w 7 5 7 t 0 3 1 3 6 1 3 6
where U 0 is the output voltage; R w is the lead resistance; and R t is the input resistance. 
Equation (12) can be expressed as:
where a is the ideal gain; and b is the ideal offset. Hence, the gain and offset of the circuit can be calculated with two reference resistors and their output voltages at each circuit warm-up. In this way, the measuring error introduced by the lead resistance and component precision could be eliminated. The actual gain and offset of the conversion circuit can be calculated as described earlier:
where a' and b' are the actual gain and offset; R 1 and R 2 are two different input resistors; U 1 and U 2 are their corresponding output voltages. For the given resistor R 3 and output voltage U 3 , the actual resistance ought to be:
Principle of EMI Suppression
During the operation of the CS-PMSM, the intensive alternating electromagnetic field leads to output voltage disturbances, which consist of the synchronous and harmonic components produced by the magnetic field. Owing to the hardware low-pass filter, the high-frequency interference component such as modulation and switching frequencies and their harmonics are attenuated to a negligible degree. However, when the CS-PMSM operates at low speed, the low-frequency interference signals cannot be eliminated by the hardware low-pass filter. Thus, digital filtering is employed to deal with interferences merging in the sample data. Since the thermal signal changes slowly, it is approximately direct current (DC) if the sample window is short enough, therefore, the DC component of the sample data can be extracted as the actual thermal data. However, an interference leakage on DC component is caused by the asynchronous sampling, since the speed of motor is varying. To solve this problem, a four-term Blackman-Harris sampling window is applied:
where a 0 = 0.35875; a 1 = 0.48829; a 2 = 0.14128; a 3 = 0.01168; and N is the sampling length. Compared to a rectangular window, the four-term Blackman-Harris window has a prominent low-pass feature in the attenuation of interference leakage on DC component, as shown in Figure 24 . Assume that the length of the sampling sequence {x(n)} is N. The sampling frequency satisfies the Shannon theorem. By making use of the 4-term Blackman-Harris window method, the DC component can be expressed as:
where G = 0.36 is the gain of the window; and w b (n) is window coefficient.
Test Results
The sampling rate and data length determines the frequency bandwidth and resolution in FFT. Considering the maximum interference frequency, during the experiment, each sensor was sampled at 512 Hz with the data length of 512. Hence, the maximum transformed frequency is 256 Hz with 1 Hz resolution. Based on the resistance-to-voltage circuit in Figure 23 , the output analog signals were further converted to digital signals by a 16-bit analogy-to-digital converter controlled by an MCU LPC 2294. Since the overall data amount exceeded the processing capability of the MCU, the sample data were sent to a PC via CAN bus. The digital filtering, linear calibration, calculation, real-time data display and storage are realized by the PC software. By a precision resistance meter, the measuring errors before and after linear calibration were compared without EMI, as shown in Figure 25 . It is observed that the linear calibration has reduced the measuring error dramatically.
For simplicity, the thermal data are sampled when the SM is operating under rated load and the DRM is operating at no load. In this case, the inner rotor is locked and the outer rotor is at rated speed. The running machine was supplied by a KEB inverter that employs i d = 0 field-oriented control strategy with SVPWM modulation. The original temperature signal and its spectrum are shown in Figures 26 and 27 , respectively. It is found that the temperature signal is severely interfered by EMI even filtered by hardware low-pass filter. The spectrum shows that the synchronous component (5.5 Hz) along with the harmonic components is the main factor of the interferences. When both the SM and DRM are operating, the spectrum of the sampling data should contain the synchronous and harmonics components produced by the two machines. The actual temperature signals obtained through both rectangle and four-term Blackman-Harris windowed method are shown in Figure 28 . It can be seen that a better suppression of inference leakage and smoother waveform are achieved with the proposed four-term Blackman-Harris windowed average method. The above experimental results indicate that the linear calibration can eliminate the error caused by the lead wire and component precision of the circuit. The four-term Blackman-Harris windowed average method can suppress the EMI produced by the operating machine. An accurate and anti-interference multi-point temperature measuring system for the CS-PMSM is realized, providing effective thermal feedback for the cooling system of CS-PMSM.
Experiments
The CS-PMSM Prototype
A prototype of the CS-PMSM is designed and its specific parameters are listed in Table 12 . In the design, both SM and DRM apply the skewed slots with a skewing angle of 10° to diminish cogging torque and torque ripple. Multiple temperature sensors of PT100 are embedded in the windings of the SM and the DRM to measure the real-time temperature of key points in the machine. The main components of the CS-PMSM prototype are shown in Figure 29 . 
Temperature Rise Experiment of the CS-PMSM
To measure the temperature of the inner rotor windings, the inner rotor is locked in the testing process. Since the outer rotor is the common rotor of the SM and DRM, both machines are regarded as the load motor of each other. In this case, both machines can simultaneously run at the rated speed and rated torque, or run at the low speed and rated torque. In the test, the cooled water flows through the water channels in the casing and the forced air blows from one side of the machine by a fan. Besides, the measured ambient temperature is 21 °C.
Multiple temperature sensors of PT100 are embedded in end windings and the windings in the core for the SM and DRM. Meanwhile, to measure the temperature of the stator and inner rotor core, some temperature sensors of PT100 are attached to the inner wall of the slot. All the sensors are connected to the real-time multi-point temperature measuring system we have made according to the method in Section 6. Finally, the real-time temperature can be read from the above temperature measuring system.
Under the rated speed and rated torque working condition, The SM torque is set to 32 Nm by torque control, which equals the SM rated torque. Meanwhile, The DRM speed is set to the rated speed of 3000 rpm by speed control. In this case, both the SM and the DRM run under rated torque and rated speed conditions. Then two experiments are done under these working conditions.
In the first experiment, only water cooling is used in the casing, and the time-varying temperature of different parts in the SM and DRM is shown in Figure 30 . Since the temperature increases very quickly, to ensure safety the experiment lasts for only 20 min and the measured temperature at 20 min is shown in Table 13 . Based on the existing experimental data, the exponential function fitting method is used to obtain the steady tested temperature, for the transient temperature rise in electrical machines presents a rule of exponential function according to the heat transfer theory of the machine. Under the same conditions, the steady temperature calculated by FEM is also listed in Table 13 . It can be seen that the steady temperature calculated by FEM is in good agreement with the tested steady temperature, which verifies the validity of the 3-D thermal-field model and analysis. It is clearly shown that the temperatures of different parts in the stator are much The middle of the inner rotor core Inner rotor windings in the inner rotor core Inner rotor end windings at water inlet side Inner rotor end windings at water outlet side lower than those in the inner rotor. This indicates that the water cooling used in the casing has a good cooling effect on the stator, but it has a poor cooling effect on the inner rotor. Besides, the maximum temperature of inner rotor has reached 260.5 °C, obviously higher than the temperature limitation of the class F insulation. In the second experiment, water cooling is used in the casing; and the forced air blows along axial direction by a powerful fan. The time-varying temperature of different parts in the SM and DRM is shown in Figure 31 . The steady temperature measured and calculated by FEM is shown in Table 14 . It is clearly shown that the maximum temperature of inner rotor is 71.3 °C, much lower than the temperature limitation of the class F insulation. So the motor can run safely. Comparing Table 13 with Table 14 , it is clearly shown that the inner rotor temperature decreases significantly when axial direction forced air exists. At the same time, the stator temperature also decreases to some extent. It shows that forced air has great cooling effect on the motor, especially on the inner rotor. Therefore, the CS-PMSM can run safely under the rated torque and rated speed working conditions only if both water cooling and forced air exist. Under the low speed and rated torque working condition, The SM's torque is set to 32 Nm by torque control, which equals the SM's rated torque. Meanwhile, The DRM's speed is set to the speed of 200 rpm by speed control. In this case, both the SM and the DRM run under rated torque and low speed condition. Then two experiments are done under this working condition.
In the first experiment, only water cooling is used in the casing, and the time-varying temperature of different parts in the SM and DRM is shown in Figure 32 . To ensure safety, the experiment lasts for 75 min and the measured temperature at 75 min is shown in Table 15 . We can see that the temperature of the stator is basically in a steady state, but the temperature of the inner rotor is still not reaching a steady state. Therefore, the exponential function fitting method is used to obtain the steady tested temperature based on the existing experimental data. Under the same condition, the steady temperature calculated by FEM is also listed in Table 15 . It can be seen that the steady temperature calculated by FEM is in good agreement with the steady tested temperature, which verifies the validity of the 3-D thermal-field model and analysis. It is clearly shown that the temperature of each part in the stator is much lower than the temperature of each part in the inner rotor. This indicates that the water cooling used in the casing has a good cooling effect on the stator, but it has a poor cooling effect on the inner rotor. Besides, the maximum temperature of inner rotor has reached 169.5 °C, obviously higher than the temperature limitation of the class F insulation. Table 15 . Calculated and tested highest temperatures in the prototype when the SM and DRM run at rated torque and low speed, and only water cooling is used in the casing. In the second experiment, water cooling is used in the casing; and the forced air is blown along the axial direction by a powerful fan. The time-varying temperature of different parts in the SM and DRM is shown in Figure 33 .
Regions
The steady temperature measured and calculated by FEM is shown in Table 16 . It is clearly shown that the maximum temperature of the stator and the inner rotor are 47.1 °C and 42.6 °C, respectively, much lower than the temperature limitation of the class F insulation. Therefore, the motor can run safely. Comparing Table 15 with Table 16 , it is clearly shown that the inner rotor temperature decreases significantly when axial direction forced air exists. At the same time, the stator temperature also decreases to some extent. It shows that forced air has great cooling effect on the motor, especially on the inner rotor. Therefore, the CS-PMSM can run safely under the rated torque and low speed working condition only if both water cooling and forced air exist. 
Conclusions
(1) A coupling surface method is proposed for the random winding machine, which can compute the heat transfer effect in the end windings as well as that between end windings and the windings in the slots; and simplify 3-D thermal model of the end windings. (2) To monitor the temperature of the CS-PMSM, a real-time multi-point temperature measuring system is built. By using the linear calibration and the four-term Blackman-Harris windowed average method in this system, the error caused by the lead wire and component precision of the circuit is eliminated and the EMI produced by the operating machine is suppressed. (3) The comprehensive and accurate research has been done on the temperature rising problem of the CS-PMSM from the thermal-field distribution law to the temperature monitoring system. The influence law of the forced air and water cooling on the temperature rising of the CS-PMSM is obtained. The method that the CS-PMSM can obtain safe and reliable operation is proposed. It can provide a theoretical basis for the design of the cooling system. Inner rotor windings in the inner rotor core Inner rotor end windings at water outlet side The middle of the inner rotor core Inner rotor end windings at water inlet side (4) The simulation and experiment results show that when only water cooling is used in the casing, the CS-PMSM can't run safely under the conditions of rated speed and rated load or low speed and rated load, as the temperature of the inner rotor is much higher than the temperature limitation of the winding insulation. When water cooling is used in the casing and axial forced air exists in the machine, the CS-PMSM can run safely under the conditions of rated speed and rated load or low speed and rated load. Besides, by comparison of the simulation and experiment results under different conditions of the CS-PMSM, the validity of the 3-D thermal-field model and analysis is verified.
